INTRODUCTION
============

Aneuploidy, i.e. variation in the number of individual chromosomes (chromosomal aneuploidy) or chromosome segments (segmental aneuploidy) is associated with developmental abnormalities and reduced fitness in all species examined ([@gks245-B1; @gks245-B2; @gks245-B3; @gks245-B4; @gks245-B5; @gks245-B6; @gks245-B7]). At the organism level the amount of genetic material gained (as in trisomies) or lost (as in segmental monosomies) is correlated to the severity of the associated defects ([@gks245-B1],[@gks245-B3]). In general, segmental trisomies are better tolerated than segmental monosomies and in fruit flies heterozygous deficiency in up to 1% of the genome, on average, is tolerated ([@gks245-B3]). Aneuploidy is found in ∼90% of human cancers and is the leading cause of miscarriages and mental retardation ([@gks245-B2],[@gks245-B8]). Furthermore, despite the proliferation disadvantage it confers, aneuploidy is a hallmark of cancer, a disease characterized by the proliferative potential of affected cells ([@gks245-B9]). Clearly, therefore, regardless of whether aneuploidy is a cause or consequence of tumorigenesis, which is debated ([@gks245-B1]), it may be tolerated if an aneuploid cell has acquired proliferative potential under conditions that prevent the division of surrounding (euploid) cells.

Although aneuploidy is a well-known hallmark of cancer until recently we have had very little insight into how changes in numbers of chromosomes or parts of chromosomes affect gene-expression levels and the responses aneuploidies induce. Early investigations of the relations between chromosomal dose and expression responses have mainly relied on assays of enzymes encoded by a small number of genes ([@gks245-B10; @gks245-B11; @gks245-B12]), with only a few studies examining corresponding RNA-levels ([@gks245-B13],[@gks245-B14]). Accurate measurement of genome-wide expressional effects of segmental aneuploidies is difficult, because in many cases they are weak, and few attempts have been made as yet to evaluate the effects of copy number variation on transcription levels in any detail. In general, previous genome-wide studies addressing this question have confirmed the existence of functional autosomal dosage compensation of gene-expression, but the magnitude of the effect has sometimes been overestimated ([@gks245-B15; @gks245-B16; @gks245-B17; @gks245-B18]). These studies generally examined changes in the expression of all genes with altered copy levels. However, genes that are inactive under the test conditions and genes with expression levels below the detection level will appear to be unaffected by the copy number, complicating attempts to assess the variations and their biological significance. More recently it has been confirmed that organisms have intrinsic mechanisms that compensate for aneuploidy at the level of transcription output ([@gks245-B18; @gks245-B19; @gks245-B20; @gks245-B21]). It has been shown that both monosomic and trisomic genomic regions are expressed more closely to wild-type (diploid) levels than would be expected if mRNA levels correlated perfectly to gene dose ([@gks245-B19],[@gks245-B20]) and this effect is called 'buffering'. Monosomic regions are more strongly buffered than trisomic regions and, interestingly, differentially expressed genes are more strongly buffered in monosomic condition than ubiquitously expressed genes ([@gks245-B19]). In one case the mechanism for autosomal buffering has been identified, the compensation for monosomic condition in the fourth chromosome in *D. melanogaster*, mediated by the protein Painting of Fourth (POF) ([@gks245-B19],[@gks245-B22; @gks245-B23; @gks245-B24]). These findings further imply that aneuploid regions are buffered at the RNA level by general buffering systems rather than by feedback regulation of a few individual genes. To explore in more detail the factors that affect degrees of buffering at regional and individual gene levels, and transcription responses to aneuploidies, we have analysed effects of seven deletions, both singly and in all pairwise combinations, within the aneuploid regions and across the *D. melanogaster* genome.

Our results confirm that genes in monosomic condition are buffered and indicate both that this effect is general and that the buffering effect at one region is not altered by combinatorial effects. In addition, long genes are better buffered than short genes. For short genes only differentially expressed genes are buffered and genes with low expression, while the buffering of long genes is not affected by either the ubiquity or strength of their expression. We have observed no signs of spreading of the buffering effect. Furthermore, our results suggest that aneuploidy induces enhanced proteolysis.

MATERIALS AND METHODS
=====================

Fly stocks and genetic crosses
------------------------------

The DrosDel isogenic deficiency strains *Df(3R)ED10953*, *Df(2L)ED4559*, *Df(2L)ED1770*, *Df(2L)ED1612*, *Df(2L)ED3*, *Df(3R)ED5071*, *Df(3R)ED7665*, *Df(2L)ED748* and *Df(3R)ED10946* were obtained from the *Drosophila* Genetic Resource Center (DGRC) in Kyoto, Japan. The isogenic background stock *w^1118^~iso~; 2~iso~; 3~iso~* was used as wild-type. All deficiency strains were crossed to *w^1118^~iso~; 2~iso~; 3~iso~* to generate *Df/+* or crossed pairwise to create combinations of two deficiency regions. Two deficiencies, *Df(2L)ED748* and *Df(3R)ED10946*, were incorrect, i.e. they had no deleted region, therefore these strains were treated as wild-type. Two of the combinations, *Df(3R)ED5071*/*Df(3R)ED7665* and *Df(2R)ED1770/+; Df(3R)ED10953/+*, caused lethality, thus there are no expression results for these combinations. In all cases, flies were cultivated and crossed at 25°C in vials containing potato mash-yeast-agar. All crosses are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1).

Microarray analysis
-------------------

For microarray analysis total RNA was isolated using TRIzol or TRI Reagent (Invitrogen, Ambion) followed by purification using an RNeasy kit (Qiagen) according to the manufacturer's instructions. Fifteen adult females (0--24 h) were used for each replicate; 2--3 replicates for each single *Df/+* genotype (seven different *Df*), 19 pairwise *Df* combinations and six replicates of the *w^1118^~iso~; 2~iso~; 3~iso~* wild-type control. The labelled cDNA probes (44 in total) were then hybridized to an Affymetrix *Drosophila* gene chip (version 2) and the intensity values were normalized and summarized using robust multi-array analysis (RMA) in R ([www.R-project.org](www.R-project.org)) and the Bioconductor package ([@gks245-B25]). The resulting data are available at <http://www.ncbi.nlm.nih.gov/geo/> (Accession number: GSE34400). Based on expression array data in the FlyAtlas database ([@gks245-B26]) (Geo accession number: GSE7763), ubiquitously expressed genes were defined as genes showing expression levels of at least 6 in all of the 12 examined tissues after RMA normalization, while all other genes were defined as differentially expressed genes. After removing all genes expressed at levels \<6 or \>2 in wild-type or with a standard deviation in the six wild-type replicates \>1 the data were scaled, by adding an array specific constant (positive or negative; on average −0.0089; average absolute value 0.032) to all the mutant array expression values so that the total genomic expression on all mutant arrays matched that of the wild-type. The average expression relative to wild-type was then measured for all of the expressed genes. The expression ratios obtained in the different experiments were calculated as follows. To analyse the expression ratio for each *Df* in different combinations, the mean expression ratio of all genes for each region and each replicate were calculated, giving 57 different ratios. To analyse the effects of different deletion criteria on buffering, the mean ratio of all genes in all replicates for each deficiency region were calculated, giving a total of seven different ratios. To analyse buffering at the gene level, the median expression ratio for each gene in all 7-9 replicates, giving a total of 320 genes, was calculated. Figure 1.Segmental monosomic regions are buffered. (**A**) Schematic illustration of the seven *Drosophila* deficiency regions included in the study. (**B**) Heatmap table showing the total number of uncovered genes (number of Affymetrix probe sets), total number of uncovered expressed genes (i.e. probe sets with a wild-type expression level \>6) and the total length of the deficiency regions. (**C**) Absolute expression level (in log~2~ scale) after RMA normalization of all genes uncovered by a deficiency. The black line represents the median expression of six wild-type replicates (diploid gene copy number) sorted by expression levels. The grey line represents expression of the deficiency strains (monosomic gene copy number). The deficiency data were plotted as running averages of 50 genes. Genes with a wild-type expression level \<6 or \>12 were excluded from further analysis (grey boxes). (**D**) Standard deviation (in log~2~ scale) of the mean calculated from the six wild-type replicates for all expressed genes (after removing \<6; \>12), sorted in descending order. A total of 259 genes with SD\>1 are defined as unstably expressed and were thus excluded from further analysis (black line). (**E**) Expression ratios (log~2~ scale) of 1000 expressed genes along chromosome 2, showing a representative dataset containing two adjacent deficiency regions (in black). (**F**) The mean expression ratio (log~2~ scale) for each deletion (diamonds indicate mean values for all genes from the two or three single replicates). Whiskers indicate 95% CIs. Black lines represent 0 in log~2~ scale or 100% of wild-type expression level and dashed lines represent −1 in log~2~ scale or 50% of wild-type expression level (i.e. the expected expression level in the absence of a buffering effect). Figure 2.Buffering is not affected by combinatorial effects. (**A**) Mean expression ratio (log~2~ scale) for each deficiency region and replicate. Each deficiency region was present in 7--9 replicates and the replicates of the *Df/+* when single and when paired with another *Df/+* are indicated in grey and black, respectively. The dashed line represents −1 in log~2~ scale or 50% of wild-type expression level. (**B**) Average directional effects on expression levels when more strongly buffered *Df/+* were combined with less buffered *Df/+* (black diamonds) and when less buffered *Df/+* were combined with more strongly buffered *Df/+* (grey square); mean values for 19 combinations. (**C**) Influence on expression ratio of single *Df*. The plot shows the influential effect of each *Df* when paired (none of the directional influences are significantly different from 0, Bonferroni-corrected Wilcoxon matched pair test). All y-axis values are in log~2~ scale. Whiskers indicate 95% confidence intervals (CIs). Figure 3.The number of deleted genes affects the average buffering. Correlation plots of mean expression ratio (log~2~ scale) for each deficiency region (calculated for all expressed genes and all replicates for each *Df*) plotted against total number of genes included in the deficiencies (**A**) against the total number of expressed genes included in the deficiencies (**B**) and the total length (in kb) of the deficiencies (**C**). The dashed line represents −1 in log~2~ scale or 50% of wild-type expression level. The Spearman's correlation co-efficient is significant for (**A**) (*r~s~* = −0.964, *P* = 4.5 × 10^−4^). Figure 4.Gene length is the primary determinant of buffering. Expression ratio for monosomic genes (median of all replicates) plotted against (**A**) bins of gene length (kb, *n* =  71, 117, 44 and 88, respectively) and (**B**) median wild-type expression (median of six wild-type expression sets, *n* = 49, 70, 96, 57 or 48). (**C**) Wild-type expression level plotted against bins of gene length. (**D**) Expression ratio plotted against median wild-type expression of short (\<3 kb) genes (shown in grey; *n* = 74, 89 or 25) and long (\>3 kb) genes (shown in black; n = 45, 64 or 23). (**E**) Expression ratio plotted against binned lengths of: genes with \>6 expression levels in all 12 FlyAtlas-specified tissue types, defined as housekeeping genes (UEG), shown in black (*n* = 96 or 57); and genes with \>6 expression levels in 11 or fewer tissue types, defined as differentially expressed genes (NUEG), shown in grey (*n* = 92 or 75). Black lines represent −1 in log~2~ scale or 50% of wild-type expression. All y-axis values are in log~2~scale~.~Squares indicate mean values and whiskers indicate 95% CIs. For correlation co-efficients, see [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1).

To calculate combinatorial effects the mean expression ratio for each region and each replicate were calculated as described above. The mean expression ratios for each of the 2--3 single replicates were then combined to calculate a single median expression ratio per *Df*. Then all deficiency regions were sorted in descending order of their buffering effect: *ED4559\>ED1612\>ED10953\>ED3\>ED1770\>ED5071\>ED7665*. Next, we calculated the difference between the mean expression ratio for the *Df* when single and the mean expression ratio of the same *Df* when combined with a *Df* with a lower expression ratio \[e.g. *Df(2L)ED4559/+* versus *Df(2L)ED4559/Df(2R)ED1612*, *Df(2L)ED4559/+* versus *Df(2L)ED4559/+; Df(3R)ED10953/+* etc.\] This was done for all *Df* and the values were then summed and a mean value for the directional effect of each *Df* was calculated based on data obtained for the 19 combinations. Reciprocal calculations were applied to see if more strongly buffering regions affect regions with a weaker buffering effect.

Gene criteria definitions
-------------------------

To identify the gene features that affect a specific gene's buffering we defined 16 gene criteria ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1)). *Gene length* was defined as the length of the longest annotated transcript for each gene. *CDS length* was defined as the sum of all non-overlapping coding sequences annotated for all transcripts of the corresponding gene. Where overlapping features were found, only the longest was included in the sum. *Relative CDS length* was calculated as the ratio between CDS length and gene length. *Lengths of 5′ UTRs, 3′ UTRs* and *introns* were calculated in the same way. *Median WT expression* was defined as the median expression value of the six wild-type replicates. *FlyAtlas expression pattern* is the total number of FlyAtlas-defined tissue types (12 tissue types) in which the gene has an expression \> 6, for details see ([@gks245-B19]). *Standard deviation FlyAtlas expression pattern* is the standard deviation of expression levels for each gene in the 12 tissue types. *Standard deviation of 6 WT* is the standard deviation of the mean for the six wild-type replicates. *Buffering level of neighbouring gene* was defined as the buffering level of the gene closest (in start or stop position) to the gene of interest (start or stop position). *Distance to 5′ neighbouring gene* is the distance between the start coordinate for the gene of interest and the stop or start coordinate of the neighbouring gene upstream of the gene of interest. *Distance to 5′ expressed gene* is defined as above, but the distance is calculated to the closest expressed gene upstream of the gene of interest.

Breakpoint effects analysis
---------------------------

Diploid genes outside *Df* breakpoints from all *Df* were grouped so that all genes within 0--5000 bp from a breakpoint, all genes within 0--10 000 bp from a breakpoint etc., up to 0--1 280 000 bp from a breakpoint, were grouped. In addition all diploid genes on the same chromosome arm as a *Df* were included as a group and finally all monosomic genes from each *Df* were included as a reference group. A mean breakpoint effect for each bin was then calculated based on the median expression ratio of each gene and all values were combined in a mean plot.

Statistical analysis
--------------------

All statistical analyses were performed on log~2~-scaled data using Statsoft Statistica 10.0 or Microsoft Excel 2010. Bonferroni correction was applied by multiplying all *P-*values with the number of tests performed.

Pathway analysis
----------------

To determine if (and if so which) biological pathways are induced by aneuploidy we calculated the mean expression ratio (mean of all 38 datasets) for all diploid genes (excluding genes encompassed by one or more *Df* ). The 100 most strongly up-regulated genes were then submitted to the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources v.6.7 hosted by the National Institute of Allergy and Infectious Diseases (NIAID/NIH) (<http://david.abcc.ncifcrf.gov/>) ([@gks245-B27],[@gks245-B28]). We used the whole *Drosophila* genome gene list as background and included GOterm level 5.

Real-time PCR
-------------

Total RNA from four *Df/+* replicates, *Df(3R)ED7665* or *Df(3R)ED3*, was reverse-transcribed using an iScript^™^ cDNA Synthesis Kit and amplified by real-time PCR using iQ^™^SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions. Primer pairs used are listed in [Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1). The expression levels were normalized to the amount of *Rpl32* mRNA in each replicate.

RESULTS
=======

Gene expression is buffered when genes are in monosomic condition
-----------------------------------------------------------------

To study the buffering of genes in monosomic condition we chose seven segmental deficiencies *(Df)* differing in length, number of uncovered genes and number of uncovered expressed genes ([Figure 1](#gks245-F1){ref-type="fig"}A and B). To explore their effects we outcrossed strains, each heterozygously harbouring one of the deficiencies, to wild-type (to make single, *Df/+*, deletion strains) and created all combinations of pairwise crosses ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1)). We then analysed adult female expression levels in the wild-type (six biological replicates) and each *Df/+* strain, both single-deletion (2--3 biological replicates) and all non-lethal pairwise combinations (single replicates) by Affymetrix microarray analysis. To minimize the effect of genetic background we used isogenic DrosDel strains in all our crosses ([@gks245-B29],[@gks245-B30]). Two of the 21 *Df* combinations were lethal. Since genes with non- or sub-detectable expression and genes with very high expression (which tend to reach saturation on the arrays) will behave as fully compensated in expression microarray studies, we plotted transcript levels in each *Df/+* against wild-type transcript levels for Affymetrix probe sets (hereafter called genes) within the affected regions. The resulting plot showed that that transcript levels of genes with an expression level \<6 (log~2~-scale) and \>12 did not differ between wild-type and any *Df/+* ([Figure 1](#gks245-F1){ref-type="fig"}C). This implies that genes with transcript levels below or above these thresholds are either fully buffered or their transcript levels cannot be reliably measured. These genes were therefore removed from all further analysis. We have previously noticed that expression levels of a subset of genes recorded in all microarray analyses are highly variable due to technical reasons and/or the developmental stage analysed. We therefore used our six wild-type replicates to identify genes with highly variable expression and excluded all genes from further analysis for which the standard deviation of expression level for the wild-type replicates exceeded 1 in log~2~ scale (corresponding to a ±2-fold variation in expression) ([Figure 1](#gks245-F1){ref-type="fig"}D). In summary, out of the 18 769 genes (probe sets) on the arrays we removed 52% due to low expression, 2.6% due to very high expression and 1.4% due to high variability between replicates. All further analysis was performed on the 8255 remaining genes, of which 320 were uncovered by a deficiency. The expression values of these 8255 genes correlates very well between the wild-type replicates (average *r~s~* = 0.93, for all pairwise comparisons). Figure 5.Buffering level of one gene does not affect buffering of neighbouring genes. (**A**) Correlation plot of median expression ratio for each monosomic gene against the median expression ratio of neighbouring expressed monosomic genes. (**B,C**) Expression ratios of diploid genes within different interval distances (in kb) from a deficiency breakpoint. '*Df* genes' represents the mean expression ratio of all genes uncovered by any deficiency. 'Chr. arm' represents the mean expression ratio of all diploid genes on the same chromosome arm as the deficiency. In (B) and (C) the mean expression ratio for each group was calculated using data for all diploid genes present within the interval and all long genes (\>3 kb) within the interval, respectively. The dashed line represents 0 in log~2~ scale or no change from wild-type expression level. Squares indicate mean values and whiskers indicate 95% CI.

To verify the presence and genomic position of all *Df*, results of all expression array analyses were first plotted as the *Df/+* expression level divided by wild-type expression level (designated *Df* -- WT) for all genes along the chromosome arms carrying the respective deletion. The *Df* regions could be easily detected at the correct positions in all cases ([Figure 1](#gks245-F1){ref-type="fig"}E). We next calculated the average expression ratio (*Df --*WT) of the seven single *Df/+*, and found their average expression ratio varied from −0.9 to −0.79 ([Figure 1](#gks245-F1){ref-type="fig"}F). We conclude that in all cases there is a weak buffering of average gene expression in the monosomic region.

The buffering level is not affected by combining *Df*
-----------------------------------------------------

An important objective of the study was to determine whether there are any combinatorial effects, i.e. whether buffering effects of one *Df* influence buffering effects of a second *Df* when combined. We addressed three hypotheses: (i) the buffering effects of a *Df* may depend on whether it is present singly or in combination with another *Df* at a different genomic position; (ii) a *Df* may enhance or reduce buffering of another *Df* with weaker buffering; (iii) a *Df* may have directional (positive or negative) influence on the buffering of all other *Df* when combined, irrespective of whether the others have stronger or weaker buffering.

The expression ratios for each *Df*, both singly and in combination with each of the other *Df*, are shown in [Figure 2](#gks245-F2){ref-type="fig"}A. No clear combinatorial effects were detected, and the variation in buffering of each *Df* was similar among single-deletion replicates and all combinations including it. A Kruskal--Wallis test on all groups in [Figure 2](#gks245-F2){ref-type="fig"}A (the single replicates and all combinations involving each *Df*) detected only one significant effect (a significant difference in expression levels of single and paired replicates of *ED5071*, *P* = 0.049, due to a deviation in buffering associated with the *ED5071/ED10953* combination).

We next assessed whether *Df* have any mutual influence, by ordering them in terms of buffering effect and calculating the effect on the buffering of each *Df* of combining it with (i) each more weakly buffering *Df* and (ii) each more strongly buffering *Df* (i.e. calculating differences in expression level ratios when the focal *Df* was alone/in combination). In total there were 19 combinations since two combinations were lethal: *Df(3R)ED5071/Df(3R)ED7665* and *Df(2R)ED1770/+; Df(3R)ED10953/+*. The average effects were close to zero and no significant effects were detected ([Figure 2](#gks245-F2){ref-type="fig"}B). Finally, we assessed if individual *Df* show consistent directional effects when combined with another *Df*, for example if a combination with *Df~1~* will always lead to an increase or decrease of the buffering of the other *Df* in a pairwise combination. No significant directional effect was detected, that is, none of the *Df* affected its partners significantly (Wilcoxon matched pair test, all Bonferroni corrected *P*-values \> 0.3, [Figure 2](#gks245-F2){ref-type="fig"}C). Based on our combinatorial analysis we conclude that the average buffering of a *Df* is unaffected by the presence of another *Df*.

The number of deleted genes affects the average buffering
---------------------------------------------------------

Since we did not detect any significant effect of combinations we can treat a combination of *Df~1~* and *Df~2~* as an additional replicate of both the single *Df~1~* and the single *Df~2~*. For the following analyses we therefore had 7--9 biological replicates of each *Df*. Our seven different deletions yielded slightly different average expression ratios, and hence displayed slightly different buffering effects ([Figure 1](#gks245-F1){ref-type="fig"}D). We therefore assessed whether these differences are correlated with any of the *Df* characteristics listed in [Figure 1](#gks245-F1){ref-type="fig"}B. The results showed a small but significant correlation between expression ratio and the total number of deleted genes, so the fewer deleted genes the larger the buffering effect (*r~s~* = −0.964, *P* = 4.5 × 10^−4^). The total number of expressed genes and deletion length displayed the same trend although not significant ([Figure 3](#gks245-F3){ref-type="fig"}).

Longer genes are more strongly buffered
---------------------------------------

We next evaluated buffering at the gene level, starting by defining 16 gene criteria ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1)). We asked which of these criteria significantly correlate with the buffering of individual genes (median buffering of 7--9 replicates) when present in *Df/+* condition. The results show that length criteria correlated positively with buffering, whereas expression correlated negatively ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1)). As expected, the buffering levels associated with all of the different length criteria correlated very well, and we decided to use the criteria gene length for further analysis. Therefore, we plotted the gene length versus expression ratio ([Figure 4](#gks245-F4){ref-type="fig"}A). The results showed a clear correlation, i.e. the longer the gene the better it is buffered. We next plotted the transcript level in wild-type versus expression ratio and detected a negative correlation ([Figure 4](#gks245-F4){ref-type="fig"}B). Since both gene length and expression are correlated to buffering we next assessed if there is a correlation between gene length and expression ([Figure 4](#gks245-F4){ref-type="fig"}C). The results show that the correlations observed for gene length and expression are independent. However, by separating the genes into long genes (\>3 kb, *n *= 132) and short genes (\<3 kb, *n* = 188) we found that expression only correlates to buffering of short genes ([Figure 4](#gks245-F4){ref-type="fig"}D).

We have previously shown that buffering depends on whether genes are ubiquitously expressed \[defined as genes expressed at levels \>6 in all 12 tissues present in the FlyAtlas database; ([@gks245-B26])\] or differentially expressed ([@gks245-B19]). We therefore included this classification when examining the gene length versus buffering relationship ([Figure 4](#gks245-F4){ref-type="fig"}E). The results show that differentially expressed short genes are more strongly buffered than ubiquitously expressed short genes, but long genes are buffered to the same extent independent of expression pattern. Taken together, our results show that gene length is the primary determinant for buffering, i.e. longer genes are more strongly buffered, regardless of both expression level and whether the genes are ubiquitously or differentially expressed.

Buffering level of one gene does not affect the buffering of neighbouring genes
-------------------------------------------------------------------------------

The results obtained from analysis of our large current data set corroborate our previous conclusion that the average calculated buffering is better explained as a general mechanism than by feed-back regulation of individual genes, since the expression differences between strains carrying deficiencies and wild-type are approximately normally distributed \[[Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1) and ([@gks245-B19])\]. However, an alternative hypothesis is that buffering may be caused by feed-back regulation of individual genes and a local spreading of this feed-back generates the observed general effect. To address this possibility we tested for any correlation between the buffering of a given gene and its closest neighbouring gene ([Figure 5](#gks245-F5){ref-type="fig"}A). No such spreading effect was detected. We also hypothesized that a spreading effect may occur outside deficiency regions, but close to the breakpoints and therefore calculated average expression ratios as a function of increasing distance from a *Df* breakpoint ([Figure 5](#gks245-F5){ref-type="fig"}B). Since buffering is stronger for long genes we repeated the calculation, this time using only long genes (gene length \>3 kb, [Figure 5](#gks245-F5){ref-type="fig"}C). We detected no signs of spreading effects in either case. We conclude that the observed buffering is best explained as a general increase in expression mainly acting on long genes and that it shows no detectable spreading.

Aneuploidy induces proteolysis
------------------------------

In addition to the effects observed on genes within a deficiency region, we wanted to determine if any general effects on transcription are induced elsewhere in the genome by aneuploidy, e.g. if certain gene networks are activated or inhibited as a response to aneuploidy. To address this possibility, we calculated the mean expression ratio (mean of all 38 datasets) for all diploid genes (excluding all genes uncovered by a deficiency region). The most upregulated gene in the aneuploid samples compared to wild-type is the *white* gene. Since a functional *white* gene is an outcome of the deficiency induction and a marker for DrosDel deficiencies this was expected and the *white* gene was thus excluded from further analysis. The 100 most strongly up-regulated genes were then submitted to the DAVID ([@gks245-B27],[@gks245-B28]). By using the *Drosophila* genome gene list as background we found that genes involved in peptidase and proteolysis activity were highly over-represented among the top 100 up-regulated genes ([Table 1](#gks245-T1){ref-type="table"} and [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks245/DC1)). To rule out the possibility that the observed up-regulation of proteolytic genes could be caused by the presence of the *white* gene, we examined two DrosDel derived *Df* strains that contain no monosomic region but still carry the *white* gene \[*Df(2L)ED748* and *Df(3R)ED10946*, see 'Materials and Methods' section\]. As expected, these two strains showed no significant up-regulation of the proteolytic genes. Table 1.Ontology groups enriched within the set of the 100 most up-regulated diploid genes identified using the Functional Annotation Chart in NIH DAVID, and level 5 GOtermsCategoryTermCountFold EnrichmentBonferroniGOTERM_MF_5**serine-type peptidase activity177.542.76E-09\***GOTERM_MF_5**serine-type endopeptidase activity167.818.20E-09\***GOTERM_BP_5**proteolysis224.746.31E-08\***GOTERM_MF_5**endopeptidase activity185.381.11E-07\***GOTERM_BP_5chitin metabolic process68.280.12GOTERM_BP_5aminoglycan metabolic process66.650.28GOTERM_MF_5exopeptidase activity56.450.16GOTERM_CC_5integral to membrane102.290.13GOTERM_CC_5intrinsic to membrane102.250.15GOTERM_BP_5positive regulation of translation231.471.00GOTERM_MF_5serine-type exopeptidase activity224.850.87[^1]

To test the stability of this finding we applied an alternative approach for sorting out up-regulated genes by sorting genes based on the number of *Df* replicates that displayed an expression ratio of more than one in log~2~ scale (two times higher expression in *Df* compared to wild-type). The top 100 gene list extracted using this criterion was compared to the top 100 list extracted using the mean expression ratio obtained from all data sets, and found that 69 genes were identical in the two groups, verifying the robustness of the gene list. Reciprocally, the 100 most strongly down-regulated diploid genes were examined using DAVID, but in this case no significantly overrepresented gene ontology group was found.

To confirm that proteolysis genes are transcriptionally up-regulated in *Df/+* flies, six of the up-regulated genes defined as being involved in proteolytic activity were examined by RT--qPCR ([Figure 6](#gks245-F6){ref-type="fig"}A) using four replicates of *Df/+* and four replicates of wild-type. The results from the qPCR were compared to the mean expression ratios of all 38 microarray datasets. The RT--qPCR results support the conclusion that genes involved in proteolysis are up-regulated when parts of the genome are in monosomic condition. Figure 6.Aneuploidy induces proteolysis. (**A**) Comparison of the mean levels of mRNA (log~2~ scale) from six genes encoding proteolytic proteins and one encoding a deubiquitinating protein (*CG5384*) determined by RT--qPCR (dark grey bars). The corresponding mean expression ratio for all 38 *Df/+* microarray replicates is shown in light grey. Note that a reduction in *CG5384* expression is linked to increased proteolysis ([@gks245-B31]). The mRNA levels measured by qPCR were normalized against that of the *Rpl32* gene in each replicate and 100% was set as the mean expression in wild-type. Error bars represent 95% CIs of four biological replicates (qPCR) and 38 biological replicates (microarray). (**B**) Expression ratios for all long genes (\>3 kb, shown in black) within each deficiency region (each replicate represented by a separate data point) and for all short genes (\<3 kb, shown in grey) plotted against binned values for the mean expression ratio of the top 20 up-regulated proteolysis genes. Squares indicate mean values and whiskers indicate 95% CIs of *n* = 10, 12 and 15 for each bin, respectively. (**C**) Scatter plot of expression ratio for all short genes within each deficiency region plotted against mean expression ratio of the 20 most up-regulated proteolysis genes. The Spearman's correlation co-efficient is significant (*r~s~* = −0.529, *p* = 7.5 × 10^−4^). All y-axis values are in log~2~scale. Dashed lines represent −1 in log~2~ scale or 50% of wild-type expression.

It has previously been shown that disomic yeast strains acquired loss-of function mutations in the gene encoding the deubiquitinating enzyme *Ubp6* and it was showed that this was an aneuploidy tolerating mutation ([@gks245-B31]). We therefore examined the *Drosophila* ortholgue to *Ubp6*, i.e. *CG5384*. Interestingly, since UBP6 is a deubiquitinating enzyme loss of UBP6 leads to increased protein degradation, and in accordance with the increased expression of proteolysis genes we detected down-regulation of *CG5384* in *Df/+* flies ([Figure 6](#gks245-F6){ref-type="fig"}A).

The level of induction of the proteolytic genes varies between the different *Df* strains. We next investigated whether this variation was related to the variation in buffering of the *Df*. For this analysis we calculated the average expression change of the top 20 up-regulated proteolytic genes displayed in our *Df* datasets. Interestingly, all but one of the 38 *Df* datasets showed that the presence of a *Df* increased average expression of proteolytic genes. We then plotted the average expression change versus the average buffering of the long and short genes displayed in the 37 *Df* datasets showing induced expression of proteolytic genes ([Figure 6](#gks245-F6){ref-type="fig"}B). Interestingly, the induction of proteolytic genes appears to be strongest when the short genes within a *Df* are poorly buffered. Indeed, we observed a significant correlation between the average buffering of short genes and induction of genes involved in proteolysis (*r~s~* = −0.53, *P* = 7.5 × 10^−4^, [Figure 6](#gks245-F6){ref-type="fig"}C). We conclude that increased proteolysis is a consequence of the genomic imbalance caused by aneuploidy and will also be induced by monosomic regions. In addition, buffering dampens the induced proteolysis.

DISCUSSION
==========

Compensation of expression output in response to dosage differences is a well-known and thoroughly described phenomenon in dosage compensation systems acting on the sex-chromosomes ([@gks245-B32; @gks245-B33; @gks245-B34]). These dosage compensation mechanisms are required to equalize the X-linked gene expression between males and females and to ensure balance between X-chromosomal and autosomal gene products ([@gks245-B18],[@gks245-B32],[@gks245-B35]). The relations between doses of autosomal chromosomes or chromosome segments and their expression output have until recently been much more elusive. However, the existence of autosomal buffering has been demonstrated in several comparisons of gene expression to copy number ([@gks245-B15],[@gks245-B17],[@gks245-B19; @gks245-B20; @gks245-B21],[@gks245-B36]). A generalized model that may account for autosomal dosage compensation, the 'inverse dosage effect' has also been proposed by Birchler and colleagues ([@gks245-B37],[@gks245-B38]). For a segmental monosomy, this model predicts that the reduced expression caused by the loss of one gene copy is compensated or 'buffered' by the loss of negative regulators nearby. Compensation via an inverse effect basis will occur in segmental monosomies if negative regulators and target genes are simultaneously changed in dosage.

It is important to stress that the final expression output in response to dosage changes will be dependent on their effects at several levels and in the current study we only measured transcript levels using expression microarrays. Nevertheless, our previous results and those presented here confirm the existence of buffering of segmental monosomic states. To measure dosage compensation and buffering robustly it is essential to exclude all genes with expression levels outside the dynamic range of the method applied, since these genes will appear to be buffered, regardless of whether they are or not, leading to overestimates of the buffering effect. In the present study we therefore removed genes with expression levels above or below the dynamic range of the array method. We also removed genes with highly variable expression in wild-type to improve the reliability of the data. Although it is likely that our calculated buffering effects and those of the gene criteria affecting buffering could be extrapolated to the excluded genes, it should be stressed that we have made no attempt to determine the buffering of genes with expression levels below and above our cut-offs. Generally, deep sequencing (RNA-seq) techniques are considered to provide a wider dynamic range when determining transcript levels than expression microarrays. However, similar considerations should also be applied in the interpretation of RNA-seq data, as recently exemplified by conflicting reports on up-regulation of the X-chromosome in mammals ([@gks245-B39],[@gks245-B40]).

Buffering is not affected by combinatorial effects
--------------------------------------------------

Cell lines and cancer cells are known to accumulate multiple chromosomal rearrangements ([@gks245-B20],[@gks245-B41]) and are likely to have lost much of their expressional fine tuning. Clearly, tumour cells can survive catastrophic rearrangements, including the shattering of chromosomes into hundreds of fragments ([@gks245-B41]). In the present study we asked if (and if so how) several aneuploid regions affect each other. In *Drosophila* monosomy of up to 1% of the genome can be tolerated ([@gks245-B3]). We can hypothesize that buffering is a limited resource and that increasing degrees of monosomy are likely to result in decreased buffering. However, we can also hypothesize that buffering is an induced response and increased monosomy may in fact lead to increased buffering. Based on our results on the pairwise analysis we find no evidence for a directional effect, i.e. increases in monosomic content will not increase buffering, nor will a *Df* show a directional effect in combination. Buffering seems to be a general effect that varies slightly between different regions, but it is not influenced by combinations.

Gene length is the primary determinant of buffering
---------------------------------------------------

We asked which factors influence buffering at both *Df* region and individual gene levels. We noted that shorter *Df* regions are slightly better buffered than longer *Df* regions. Although this effect is minor it conflicts with expectations based on the inverse regulatory model. The longer the region, the more likely it is to include both target genes and the linked negative regulators predicted in the model. At the gene level, buffering is primarily determined by gene length and longer genes are better buffered. In a previous study we showed that the expression pattern is important, i.e. differentially expressed genes are better buffered than ubiquitously expressed genes ([@gks245-B19]). Results presented here confirm this, but also show that the effect of differential expression is subordinate to gene length. However, among the genes classified as short genes only those differentially expressed are buffered. Long genes are buffered independently of their expression levels, while short genes are not buffered if highly expressed. The different gene length criteria have correlated associations with buffering patterns, which makes it difficult to determine whether the total exon length or total length of the gene is the primary determinant for buffering. However, the finding that gene length correlates with buffering makes it tempting to speculate that the buffering mechanism involves transcription elongation. In *Drosophila*, dosage compensation for the monosomy of the male X-chromosome is achieved by a 2-fold increase in the expression of genes on the chromosome ([@gks245-B32],[@gks245-B34],[@gks245-B42],[@gks245-B43]), putatively arising from the combined effect of the general buffering effect as analysed here and the male X-chromosome specific enhancement mediated by the MSL-complex ([@gks245-B18],[@gks245-B20],[@gks245-B32]). Interestingly, dosage compensation in *Drosophila* has been proposed to be mediated by enhanced transcription elongation ([@gks245-B44]) and this has also recently gained experimental support ([@gks245-B45]).Whether enhanced transcription elongation is the mechanism mediating the buffering effects observed here remains to be determined.

The observed buffering patterns suggest a general effect
--------------------------------------------------------

In principle, buffering could be envisioned as a general effect acting on many genes or the sum of feed-back regulation of a smaller number of genes. The expression ratio of genes within monosomic regions shows an approximately normal distribution. This distribution is indicative of a general effect, however it could still be the sum of feed-back regulation of individual genes followed by local spreading of this positive effect. Spreading is a well-documented effect in dosage compensation mechanisms and there is evidently local spreading of the dosage compensation complex in *Drosophila* ([@gks245-B46; @gks245-B47; @gks245-B48; @gks245-B49; @gks245-B50]). However, we have not detected any signs of spreading within the deficiency regions nor spreading over the diploid breakpoints. Taken together, our results are consistent with the hypothesis that buffering is a general effect acting on monosomic regions and preferentially on long genes. The observed buffering could be the result of an induced increase in transcription output when a gene is in monosomic condition, which could be caused by a passive mechanism, e.g. a monosomic region could have an increased tendency to loop out from its normal nuclear position into more permissive environments since it is unpaired. Alternatively, unknown targeting mechanisms may recognize monosomic regions and stimulate their transcription output. We have previously shown that the fourth chromosome in *D. melanogaster* is compensated when in monosomic condition ([@gks245-B19],[@gks245-B22]). This compensation of a monosomic fourth condition is slightly more efficient than the buffering of segmental monosomic regions analysed here. In the case of the fourth chromosome a specific targeting and stimulating mechanism is provided by the protein POF ([@gks245-B19]). However, POF targeting is chromosome-specific, and both the targeting and stimulation occur irrespectively of the copy number of the fourth chromosome ([@gks245-B22]).

Segmental monosomic conditions induce proteolysis gene networks
---------------------------------------------------------------

Since our analysis included a large number of samples with segmental monosomywe were interested to test if their monosomic condition induced any general expression response outside the aneuploid regions. The results indicate that induction of genes involved in proteolysis is a universal response to the segmental monosomic condition. Interestingly, in disomic yeast (with an extra chromosome copy) increased sensitivity to proteotoxic stress has been observed ([@gks245-B31],[@gks245-B51]) and proteotoxic stress has been suggested to be a key source of the antiproliferative effects of aneuploidy ([@gks245-B52]). Trisomic mouse cells show similar signs of proteotoxic stress ([@gks245-B9],[@gks245-B53]) and proteotoxic stress is sometimes considered a hallmark of cancer ([@gks245-B54]). It is important to note that in the cited cases the proteotoxic stress is induced by addition of extra chromosome copies. In yeast it has also been shown that mutations in *Ubp6* enhance both proteolysis and aneuploidy tolerance ([@gks245-B31]). Our results show that genes involved in proteolysis are in fact induced by aneuploidies and the *Ubp6 D. melanogaster* ortholog is down-regulated. Furthermore, proteolysis induction occurs not only as a response to extra chromosome copies but also in response to a segmental monosomic condition. Thus, taken together the results suggest that induction of proteolysis is a general response to the genomic imbalance resulting from aneuploidy. Notably, although the *Df/+* flies that we analysed were created by outcrosses of flies carrying the *Df* to wild-type (or pairwise *Df~1~/+ × Df~2~/+* crosses), the deficiencies are also heterozygous (*Df/Balancer*) in the parental strains. This means that these strains have adjusted to their aneuploidy condition for years, but still show increased expression of genes involved in proteolysis. Furthermore, the degree of this increased proteolysis negatively correlates with the degree of buffering. We speculate that in segmental monosomic conditions genes are buffered to restore the imbalances. However, since not all genes are buffered and the buffering is not complete the cells harbouring segmental deficiencies will be subject to a stoichiometric imbalance that will induce proteolysis.

The majority of tumours in humans are aneuploid, and although the role of aneuploidy in tumorigenesis is controversial it provides a hallmark for human cancer ([@gks245-B8],[@gks245-B55]). Identification of pathways induced by aneuploidy could provide insights into how cancer cells evolve and how they escape the negative effects associated with aneuploidy ([@gks245-B31],[@gks245-B52],[@gks245-B56]). Interestingly, drugs that increased proteotoxic stress have recently been suggested as promising cancer therapy candidates ([@gks245-B52]). Previous studies in yeast have suggested that trisomy causes proteotoxic stress and have highlighted the importance of ubiquitin-proteasomal degradation in suppressing the adverse effects of aneuploidy ([@gks245-B31]). Our study focused on segmental monosomic states in *Drosophila* identifies proteolysis as a main induced pathway in aneuploid individuals. This finding has two important implications. First, aneuploidy-induced proteotoxic stress appears to be conserved in evolution. Second, increased proteolysis appears to be induced by aneuploidy *per se*; not only aneuploidies that increase the copy number of certain genomic regions but also, as shown here, reductions of some genomic regions.
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